RNA isolated from calvaria of 16-to 18-day-old chick embryos, assayed in rabbit reticulocyte lysates, programs the synthesis of a collagenase-sensitive protein with the molecular weight of collagen pro-achains. When RNA labeled with [3Hjuridine for 2 hr and chased for 1 or 2 hr was electrophoresed on aqueous polyacrylamide gels, most of the radioactivity not in 28S or 1S rRNA migrated with an apparent-molecular weight of about 1,800,000. After oligo(dT)-cellulose chromotography and analysis in 99% forinamide gels, this nonrihosomal, rapidly labeled calvaria RNA species migrates at 28S-30S and thus has a molecular weight of at least 1,600,000.
Understanding the control of collagen biosynthesis is essential to understanding normal growth and development in vertebrates. Not only is collagen their major structural protein, but the onset of collagen synthesis is coincident with the onset of major differentiational' events. An important step in the study of collagen biosynthesis must be the purification and characterization of the messenger RNAs which code for the five or more different collagen pro-a-chains.
Collagen messenger RNA (mRNA) has already been detected in polysomes prepared from the wings and legs of 8-'or 9-day-old chick embryos by assaying for collagen synthesis in homologous cell-free extracts (1, 2) and in heterologous cellfree extracts prepared from Krebs II ascites cells (3) . Collagen synthesizing polysomes have also been isolated from L-929 fibroblasts (4) . However, collagen mRNA has not been succ'essfully isolated from any of these polysomes.
More recently, Benveniste, Wilczek, and Stern (5) reported that total RNA'isolated from the calvaria of 15-day-old chick embryos contained active collagen mRNA. They found that more than half of the [3H]proline-labeled protein made in ascites tumor extracts when calvaria RNA was added could be solubilized by collagenase. Also, some of this protein cochromatographed with carrier collagen on carboxymethyl cellulose. We have thus isolated RNA from calvaria. From a combination of pulse-chase studies of this RNA, under both aqueous and denaturing conditions, and assays of its ability to code for the synthesis of intact procollagen in rabbit reticulocyte lysates, we have been able to show that calvaria contain predominantly one class of mRNA, having a molecular weight of about 1,600,000-1,800,000. Several arguments indicate that this is collagen mRNA.
MATERIALS AND METHODS
Preparation and Fractionation of RNA from Calvaria. Calvaria RNA was prepared from 16-to 18-day-old chick embryos according to the procedure described by Benveniste et al. (5) . The RNA was further purified by centrifugation through 5.7 M CsCl as described by Glisin et al. (6) .
To prepare' labeled RNA, calvaria from thirty 17-day-old chick embryos were incubated at 370 in modified Dulbecco's medium containing 0.5 or 1 mCi of [3H]uridine (0.04 ,umol/ ml). In pulse-chase experiments, the calvaria were further incubated in fresh medium containing 0.02 mM [1H]uridine.
Calvaria RNA was fractionated (7) on oligo(dT)-cellulose. RNA (0.5 mg/ml)' was applied to the column in 0.5 M KCl-0.01 M Tris-acetate, pH 7.5, and fractions were collected until no further RNA measured as A260 was eluted. The column was then eluted with 0.01 M Trin . acetate, pH 7.5, and the fractions containing material absorbing at 260 nm were pooled and precipitated with 2.5 volumes of 95% ethanol.
Calvaria RNA was fractionated on 5-20% sucrose gradients in 0.1 M NaCl-0.01 'M Na acetate, pH 5, by centrifugation for 17 hr at' 23,000 rpm at 40 in a Beckman SW 27.1
rotor. Polyacrylamide Gel Electrophoresis of RNA. RNA preparations were routinely monitored by polyacrylamide gel electrophoresis (8, 9) .'RNA preparations were analyzed under denaturing conditions on 99% formamide gels using a modification (9) of the procedure described by Staynov et al. (10) .
Assay for In Vitro Synthesis of Collagen. Rabbit reticulocyte lysates were prepared as described by McDowell et al. (11) .
The assay was performed' using the conditions of Palmiter (12) . After being incubated for 2 (9) . The bound fraction, which contained 2.5% of the total RNA applied to the column, is predominantly 28S rRNA. However, a distinct slower migrating shoulder could be observed on the 28S peak in each of four preparations analyzed.
Total calvaria RNA, as well as fractions which bound and which were not bound to oligo(dT)-cellulose, were assayed for mRNA activity by measuring proline incorporation as a function of RNA added, in an in vro protein synthesizing system prepared from wheat germ. As shown in Fig. 2 , the bound fraction was about six times more active than total RNA and about 20 times more active than the unbound fraction. This differential activity demonstrates that oligo(dT)-cellulose-bound RNA has been considerably enriched for messenger RNA. RNA. These lysates rather than wheat germ extracts were used to characterize. the product because we were able to obtain reproducible results with the lysates. After purification of the in vitro product as described in Methods, the product was analyzed on 5% polyacrylamide gels in NaDodSO4; the result is shown in Fig. 3 . Both the endogenous product and that made when calvaria RNA is added display a large globin peak and a second peak, of molecular weight about 65,000, which is probably not hemoglobin (16) mobility as procollagen. This peak contains about 8% of the counts applied to the gel; the remainder of the counts appear under the endogenous globin and the 65,000 dalton product peaks. The difference in the amount of globin seen with and without added calvaria RNA is a reflection of variability in the amount of globin which precipitates in 16% (NH4)2SO4.
To see if the high-molecular-weight peak seen in Fig. 3 was indeed collagen, the in vitro product was treated with collagenase and electrophoresed. About 40% of the radioactivity electrophoresing in the molecular weight range of pro-a and' a chains of collagen was found to be solubilized by collagenase, while neither globin nor the endogenous 65,000 dalton protein was affected by treatment with this enzyme.
To define the approximate size of the mRNA that programs this labeled collagen product in reticulocyte lysates, calvaria RNA was fractionated on sucrose gradients and five size fractions, >28S, 28S, <28S->18S, 18S, and <18S, were collected. In each case, the entire amount which was present in a given fraction was assayed in reticulocyte lysates, and the resultant product analyzed on NaDodSO4 gels. The amount of [3H]proline-labeled protein 'that comigrates with collagen pro-a chains was found to be 2700 cpm for the >28S fraction, 3600 cpm for 28S fraction, 1180 cpm for the <28S->18S fraction, and none for the 18S and the <18S fractions. The finding that collagen mRNA activity' was most pronounced in fractions that sedimented at 28 S and greater than 28 S was completely consistent with our finding that the major ultraviolet-absorbing band found on gels after calvaria RNA is bound to oligo-(dT)-cellulose coelectrophoreses with 28S rRNA and contains a slower migrating shoulder. Indeed, each of the size fractions that stimulated the synthesis of procollagen in vitro contained appreciable amounts of the 28S component.
Pulse-chase labeling of calvaria RNA with ['Hluridine Since calvaria RNA can program the synthesis of collagen pro-a chains in reticulocyte lysates, it was obviously important to find out if rapidly labeled mRNA in calvaria was concentrated near 28 S as Fig. 1 and the location of mRNA activity on sucrose gradients suggest. To this end, calvaria were incubated in medium containing 0.5 or 1 mCi of [3H]uridine for either 30 min or 2 hr. Three sets of calvaria, each incubated for 2 hr, were then chased with cold uridine for 0, 1, or 2 hr.
The RNA isolated from these four labeled preparations was analyzed on aqueous polyacrylamide' gels. The results are shown in Fig. 4 . In contrast to the results obtained in Fig. 1 , with higher concentrations of RNA, we find a marked occurrence of counts near the top of the gel that gradually tail into the gel with various peaks displayed above this continuously diminishing background. The first peak in each case occurs in the first 10 slices and was first presumed to be heterogeneous nuclear RNA, based on its appearance after only 30 min of labeling. While no well-defined peaks are seen after 30 min, a number of peaks and a heightened background appear after 2 hr of labeling. The most prominent of these peaks migrate more slowly than 28S rRNA. After a 1-or 2-hr chase, these slow-migrating peaks diminish in size, but some of the label at the top of the gel remains and the peak adjacent to the 28S rRNA peak appears to retain its identity and most of its magnitude. This peak is crosshatched in all four frames in Fig. 4 . Its location at 30 S is consistent with a molecular weight of about 1,800,000, and it appears to be the same RNA species as the shoulder on the 28S peak shown in Fig. 1 .
Although the location of this 30S peak was consistent with the location of the peak of mRNA activity in sucrose gradient fractions as measured by the appearance of a proline-labeled procollagen peak on NaDodSO4 gels, the 30S RNA remained an unconvincing candidate for the putative collagen mRNA. RNA was being masked by these aggregates at the top of the gel. Therefore, the pulse-chase RNA was reanalyzed on aqueous gels after first being denatured by heating at 370 for 2 min in 95% formamide. The distribution of radioactivity of RNA labeled for 2 hr and chased for 2 hr is shown in Fig. 5 . The large amount of radioactivity previously found at the top of the gel has been significantly reduced, whereas the relative amount of label found in the 30S peak has more than doubled, while that in 288 and 18S rRNA has remained unchanged. Therefore, most of the labeled RNA near the top of the gel is not heterogeneous nuclear RNA but aggregates of the 30S species.
Having succeeded in disaggregating pulse-labeled RNA by formamide denaturation, we next analyzed this RNA on 99% formamide gels in order to obtain a molecular weight estimate of the 30S peak under conditions where RNA electrophoretic mobility is conformation-independent. Our initial results indicated that the only major pulse-labeled peak other than ribosomal RNA that migrated at 30S on aqueous gels was migrating at 25S on 99%O formamide gels. However, after several different samples were examined, a different result became evident. Although we frequently found significant peaks of radioactivity with mobilities of RNA species having molecular weights of about 1,300,000 (25S) and 1,000,000 (22S), the major peak of radioactivity comigrated with 28S rRNA so that the ratio of the counts in 28 S to those in 18 S was much greater than two. If the 30S component seen on aqueous gels comigrates with 28S rRNA on formamide gels, their molecular weights must be the same, or 1,600,000.
In the expectation that the identity of the main pulselabeled component could be more clearly resolved if the preparation were enriched for mRNA, RNA pulse-labeled for 2 hr and chased for 1 hr was chromatographed on oligo(dT)- cellulose and analyzed on 99%O formamide gels. The results obtained for both the bound and nonbound -fractions are shown in Fig. 6 . Both fractions display a peak of radioactivity that migrates a little more slowly than 28S rRNA and apparently corresponds to the 30S peak found on aqueous gels, as well as the UV-absorbing shoulder found after oligo(dT)-cellulose chromatography (see Fig. 1 ). However, especially in the case of the bound fraction, the separation between the 30S and 28S components is so small that the possibility that there is only one component and that the main messenger peak comigrates with 28S rRNA cannot yet be ruled out. Hence, rather than assign a precise molecular weight to the 30S component seen clearly on aqueous gels but less well defined on formamide gels, we only conclude that it is at least as large as 28S rRNA, that is, at least 1,600,000 daltons. In addition to the main labeled peak, the oligo(dT)-cellulose-bound fraction is seen to contain two smaller labeled peaks mentioned above, which correspond to RNA species having molecular weights of about 1,300,000 and 1,000,000. Since there is little if any UV absorbance associated with these peaks, and since they are present to a much lesser extent in the RNA fraction that does not bind to oligo(dT)-cellulose, we identify these peaks as representing calvaria mRNA species other than intact collagen mRNA. DISCUSSION The isolation and identification of the eukaryotic mRNAs that have been described in the last few years have been achieved most readily when cells are available that synthesize predominantly one protein. The most outstanding example and thus far the best characterized is, of course, globin mRNA isolated from reticulocyte cells in which 90% of the protein made in vivo is globin.
More than 60% of the protein made in calvaria of 16-dayold chick embryos is reported to be collagen (17) , and hence the collagen mRNA must be the major mRNA in this tissue. Total RNA prepared from calvaria of 16-to 18-day-old chick embryos has been shown to program the in vitro synthesis of a proline-labeled polypeptide in reticulocyte lysates. This polypeptide is not seen in endogenous in vitro synthesis. It migrates with the mobility of calvaria procollagen on sodium dodecyl sulfate gels, and 40% of it is digested by collagenase under conditions where none of the smaller peaks programmed by endogenous mRNA are digested. It, therefore, seems reasonable to identify this peak as pro-a chains of collagen. Although the proportion of pro-a chains being made is indeed small relative to total protein synthesized, it is nevertheless comparable to the proportion of ovalbumin made in rabbit reticulocyte lysates (12) .
Since pro-a chains of collagen contain about 1200 aminoacid residues (18) (19) (20) , the coding sequence of the mRNA must consist of about 3600 nucleotides, corresponding to a molecular weight of 1,250,000. Any nontranslated regions would increase this expected molecular weight; for example, it would increase to 1,300,000 if 150 adenylic acid residues were added. With 1,300,000 as the minimum expected molecular weight of the mRNA, an electrophoretic mobility corresponding to at least 25 S would be expected. There have been recent reports of collagen mRNA sedimenting at 22 S (21) or 24 S (22) as well as both sedimenting and electrophoresing at 22 S (23). All of these values indicate molecular weights below the coding limit. However, we have found, that those sucrose gradient size fractions that stimulated the most procollagen synthesis in rabbit reticulocyte lysates sedimented in the range of 28-31 S. When we fractionated a pulse-labeled calvaria RNA preparation in precisely the same fashion on a sucrose gradient and analyzed the size fractions on aqueous polyacrylamide gels, we found that each of the fractions (>28S, 28S, and <28S->18S) that stimulated the in vitro synthesis of collagen pro-a chains contained the rapidly labeled 30S peak. Although this result indicates an unfortunately low level of resolution in this size range, it was important to find that the amount of collagen synthesis in each of the fractions was roughly proportional to the amount of the 30S component therein. Moreover, this 30S component binds to oligo(dT)-cellulose and migrates in 99%O formamide at 28-30S. While the present data do not permit a precise molecular weight assignment, it is clear that the major nonribosomal, rapidly labeled RNA species found in calvaria is considerably larger than earlier suggestions indicated. Furthermore, it has also become evident that this large, 1,600,000 to 1,800,000 dalton RNA is exquisitely sensitive to specific scission, and in some preparations of calvaria RNA 1,300,000 and 1,000,000 fragments appear as prominent rapidly labeled peaks. Hence, it is not surprising that messenger activity as well as retention on oligo(dT)-cellulose has been reported for presumptive collagen mRNAs smaller than the molecular weight we report here.
If we compare rapidly labeled calvaria RNA with myosin mRNA, the only other very large eukaryotic mRNA that has been characterized, there are some interesting differences. Myosin mRNA has been assigned a molecular weight of 2,000,000 based on both aqueous and formamide gel electrophoresis, but sediments at 26 5 in sucrose gradients (24, 25) ; sedimentation at 26 S implies a molecular weight of about 1,400,000, which is obviously too small to code for myosin. It seems likely that the anomolously low sedimentation constant is due to myosin 'mRNA having a more extended mean configuration than that of ribosomal RNAs. Collagen mRNA, however, has a lower molecular weight than myosin mRNA, based on its mobility on formamide gels, and yet both sediments and electrophoreses at 30 S, suggesting that the conformation of collagen mRNA is comparable to that of ribosomal RNAs.
Since we have established that rapidly labeled calvaria RNA contains only one major RNA species other than rRNA, with a mobility corresponding to 30 S on aqueous gels, and 28-30 S on formamide gels, and since we have been able to associate the ability to program the in vitro synthesis of what appears to be collagen pro-a chains in heterologous reticulocyte lysates with the presence of this peak in the larger sucrose size fractions, it is likely that the rapidly labeled peak with a molecular weight of at least 1,600,000 is indeed collagen mRNA. Obviously, final identification of this RNA as collagen mRNA awaits its isolation and purification as a single species able to direct the synthesis of collagen in vitro.
